Introduction
Anthrax is a zoonotic disease that is found on nearly every continent (except Antarctica) [1, 2] . The causative agent, Bacillus anthracis, is a soil-borne Gram-positive bacterium with the remarkable ability to survive in the environment for long periods of time, perhaps years, and infect a wide range of hosts [2, 3] . Herbivorous animals are most often infected [2] [3] [4] . Human infections are typically a result of contact with infected animals or their byproducts (e.g. meat or hides) during activities such as livestock slaughtering [1, 4] .
Targeting livestock with annual vaccination is the most effective method to control anthrax in both humans and animals in endemic regions [1, 5] . The most widely used vaccine is the live attenuated Sterne strain (34F2) [5] . In the former Soviet Union (FSU), livestock anthrax vaccination combined with improvements in occupational safety produced a nearly 10-fold reduction in animal cases with a concomitant decline in human incidence [6] . Similar decreases were observed in Europe and the United States following mass vaccination of livestock [7] . However, despite the effectiveness of vaccination, anthrax persists in areas with weakened health infrastructures and long-term vaccination strategies may be needed in endemic areas [1, 8] . Countries of the FSU, subSaharan Africa, and southeast Asia have (re)emerged as foci for transmission [9] .
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The country of Georgia has experienced repeated outbreaks of human anthrax with a recent increase in human incidence (2010) (2011) (2012) [10] . Reports of an anthrax-like disease in humans dates to the 17th century [11] and >500 locations have been registered as foci (permanent locations of anthrax risk) in Georgia since 1881 [12] . During Soviet governance, anthrax was a mandatory reportable infectious disease in both humans and livestock. Following the dissolution of the Soviet Union in 1991, and Georgian independence in December of the same year, anthrax reporting remained mandatory. To combat the spread of anthrax, from 1995 through 2006, the government carried out annual compulsory livestock vaccination. In 2007, Georgia ended this policy, placing the responsibility of vaccination on private livestock owners [13] .
Yet, little is known about how the alteration in livestock immunization policy and the concomitant decline in the number of anthrax vaccine doses administered affected the epidemiology of human anthrax. In the context of >90% private livestock ownership in Georgia, and the high risk associated with agricultural production, identifying changes in anthrax epidemiology are crucial for implementing control strategies and limiting its spread. Our objective was to assess how the change in livestock vaccination policy impacted the epidemiologic characteristics of human anthrax in Georgia from 2000-2013 by identifying changes in risk factors and rates of self-reported sources of infection.
Methods
We obtained passive surveillance data on epidemiological surveys of human anthrax case patients and the annual number of livestock vaccine doses administered from the National Centers for Disease Control and Public Health (NCDC) during 2000-2013. We estimated national incidence rates per 100,000, using population data from the Georgian national census (Georgian State Statistical Committee, GeoStat). To describe the trend in human anthrax incidence and identify trend breakpoints if present, we used segmented regression (JoinPoint 4.4.0.0, https://surveillance.cancer.gov/joinpoint/) [14] . Breakpoints in a trend are characterized by an inflection point in the line segment indicating an increasing or decreasing rate of change [14] . We defined the dependent variable as the annual crude incidence rate and independent variable was the year. To adjust for heteroscedastic errors, we used a weighted least squares approach with weights applied to each observation [14] . We allowed for between 0 and 2 breakpoints in the regression line. For each possible regression line segment provided by the best fit model, the rate of change is given by the average annual percent change (AAPC).
Risk ratios and incidences per 1 million were estimated for age, sex, ethnicity, region, self-reported source of exposure, season, and occupation. Season was defined as: winter (December January, and February); spring (March, April, and May); summer (June, July, and August); fall (September, October, and November). We derived a binary dummy variable for each region with ethnic enclaves defined as district municipalities with !30% of the population reporting as non-Georgian. Statistical analyses (Fig. S1 ) and accompanying 95% confidence intervals of estimates were performed in R v3.3.1 (R Core Development Team).
Human anthrax data were aggregated to district municipality, and we mapped crude average annual human incidence per 100,000 persons (total cases/population) for each district during 2000-2006 and 2007-2013 . The ethnic composition (percent of non-Georgian population) of each district was derived from the Georgian census (http://www.geostat.ge/).
We used classifications of four main ethnic groups defined in the census data: Georgian, Azerbaijani, Armenian, and other (Russian, Ukrainian, Greek, and Yazidi). We calculated ethnicity adjusted incidence rates per municipality before and after the policy change using the indirect standardization method with an internal standard, a best practice in age-or ethnicity-adjusted spatial analyses [15, 16] .
To test for changes in the spatial dependence in human anthrax incidence among district municipalities between the two time periods, we used the global Moran's I statistic (OpenGeoDa 1.0.1, GeoDa Center, ASU, Arizona). This statistic is a measure of spatial autocorrelation or similarity among spatial units with values close to +1.0 indicating clustering and values close to À1.0 indicating dispersion [17] . To characterize the spatial relationship among district municipalities, we used a queen contiguity matrix with row standardization [18] . We tested the null hypothesis of no spatial association in incidence rates of human anthrax among district municipalities before and after the change in policy for both crude and ethnicity adjusted rates. Persons age 40-64 years had higher rates of human anthrax nearly every year except in 2010 when they were surpassed by rates in persons age 65 years and older (Fig. 2) . Prior to 2007, annual incidence rates were not consistently higher among any ethnic group. In 2007, when the compulsory livestock vaccination program supported by the government ended, incidence rates increased among all ethnic groups (Georgians, Azerbaijanis, and Armenians). Rates began to diverge in 2010 with a rapid increase in the risk of human anthrax among ethnic Azerbaijanis; rates among ethnic Azerbaijanis ranged from 0 to 25.3 cases per 100,000 (Fig. 3) .
Results

Temporal trends
Risk before and after policy change
When comparing time periods before and after the policy change, males were two times more likely to have reported human anthrax compared to females during 2000-2006; by 2007-2013 males were at least four times more likely to have reported compared to females ( (Fig. 3) . Regionally, ethnic enclaves were two and a half times more likely to report anthrax cases compared to other district municipalities prior to the policy change, increasing to six times more likely after the change in vaccination policy. Seasonal patterns of reporting indicated that cases were essentially split between summer (38%) and fall (41%) during 2000-2006; by 2007-2013 summer seasonality became more pronounced and it was 1.5 times more likely for a case to be reported during the summer than the fall.
The self-reported source of infection was disclosed for 709 (709/736, 96%) cases during 2000-2013; most cases reported slaughtering/butchering livestock before (108;61%) and after (300;56%) the policy change (Table 2 ).
Geographic patterns of anthrax cases
The spatial distribution of ethnicity-adjusted and crude rates changed with the vaccination policy (Fig. 4) . Ethnic composition of the district population ranged from 0.2 to 90.4%. There was no discernable pattern in the distribution of rates during 2000-2006 indicated by the absence of clustering for both the crude (Moran's I = À0.03, z-score = À0.23, p = .80) and adjusted (Moran's I = 0.06, z-score = À0.94, p = .40) rates (Fig. 4A and C) . Following the change in policy, areas of high rates appeared to coincide with ethnic Fig. 4B and D) . The significance of the Moran's I test in both the adjusted and crude rates indicates that the presence of clustering was not due to the underlying spatial distribution of the ethnic population.
Discussion
During Soviet governance (1950-1980), the incidence of human anthrax declined, in part, due to widespread livestock vaccination mirrored by reductions worldwide [5] [6] [7] [8] 9, 19] . However, in endemic areas, long-term livestock vaccination may not be tenable due to costs and there is a paucity of evidence regarding the impact of cessation policies [9] . Our findings show that following changes to livestock vaccination policy in Georgia, which reduced immunizations administered, there was a major shift in the epidemiology of human anthrax. Ethnic minorities (Azerbaijanis) now appear at highest risk for anthrax, as this demographic is more often employed in high-risk occupations such as shepherding, with ethnic enclaves situated in intensive agricultural production zones [20] . Interestingly, the epidemiology of brucellosis in Georgia has also shifted to a disease primarily of Azerbaijani ethnicity, supporting the hypothesis of increased ethnically-biased occupational exposures [20] . Concomitantly, a rise in foodborne exposures and infections amongst groups uncharacteristically at risk for anthrax is consistent with spillover transmission from agricultural modes of production [21] . The change in policy, from compulsory anthrax livestock immunizations to voluntary participation, has had unintended consequences, facilitating the increasing incidence of anthrax.
In general, vaccination of all susceptible animals is recommended for three years or greater in response to anthrax outbreaks [22] . Prior to the policy change, vaccine coverage among livestock in Georgia was relatively high (70-90%) (Fig. 1) (http://www.geostat.ge/). However, evidence for ending livestock anthrax vaccination in endemic areas is mixed. In an area of the Middle East a 10-year livestock anthrax vaccination campaign was carried out and after cessation of the program no new cases were reported [23] . Conversely, the cessation of livestock vaccination in Azerbaijan was associated with a dramatic rise in the incidence of both human and livestock anthrax [24] . Whereas, livestock vaccination in Ukraine has been continuous for decades, even in light of recent declines [25] . Given the variation in vaccination results, regionally and worldwide, dictating policy remains a challenge that should be based on local surveillance [9, 22] . Recent evidence in Georgia indicated low-levels of anthrax vaccination (<50%) among private livestock owners during a 2012 outbreak [13] . Additionally, Azerbaijanis living in Georgia are also less likely to vaccinate livestock due to a belief that anthrax livestock vaccination permanently disrupts milk output (pers. comm. Zviadi Asanishvili; National Food Agency, Tbilisi, Georgia), suggesting suboptimal levels of voluntary vaccine adoption among high-risk groups. This underscores the challenges of trying to reinstitute vaccination campaigns in the wake of the policy cessation.
Consistent with previous studies, we found that the majority of anthrax cases were associated with agriculture [1, [26] [27] [28] . However, we also found an increased proportion of cases that reported foodborne transmission following the change in policy. Historically, >85% of human anthrax cases occurred in the rural population, with the vast majority (>90%) of those involving occupations that handled animals on government collective farms [19] . In contrast, our findings suggest that the spread of infection has been, in part, facilitated by the illegal slaughter and sale of infected meat, as documented in previous epidemiological trace-back investigations [13, 21] . These findings are in keeping with a hypothesis of spillover from rural and peri-urban areas into urban markets used to recoup economic losses from livestock mortality [21] .
Interestingly, by 2007-2013, the risk of anthrax had increased among males, and those aged 40-64 years old. While gender differences in anthrax risk are not typically observed [1, 26, 28] , our findings suggest the high risk among males is related to occupational risks [29] . The high risk among the 40-64 age group is consistent with a cohort effect, as these individuals would have been the typical age of livestock tenders (15-40 years of age) twenty-five years ago during the extensive agricultural production of the Soviet Union, and it is plausible that they have maintained this agrarian lifestyle.
Clustering of anthrax risk among districts replaced the random pattern of reporting observed during the early part of the last decade. Risk increased among ethnic enclaves during 2007-2013 to >6 times that of all other district municipalities, with evidence of spatial clustering not uniquely driven by the underlying distribution of the ethnic population. Previous studies also documented high rates of zoonotic disease among ethnic enclaves in the United States [30] and Germany [31] . Following decollectivization in the 1990s, livestock ownership was privatized across the FSU. Subsequently, in Georgia, agriculture was grouped into two categories: subsistence farming and private enterprises (http://www.geostat.ge/). One plausible explanation for this clustering is that enterprise agriculture (higher livestock density) is more common among ethnic enclaves in the southeast, compared to the west where subsistence agriculture predominated and the ethnic composition is low ( 10%) (Fig. S1 ). These changes, in conjunction with the alteration to livestock immunization, have exacerbated the risk associated with areas of agricultural production. Furthermore, these may also overlap with ecological zones, such as alkaline soils, which can support B. anthracis [3] [4] [5] [6] [7] [8] [9] [10] .
The data we used in this study were obtained through passive surveillance and are subject to systematic error; changes in surveillance techniques may have affected reporting from earlier to later years. Our epidemiological questionnaire-based surveys relied on the ability of case patients to accurately recall information and may be prone to recall bias. In addition, a large proportion of occupational responses from the epidemiological questionnaires were missing, limiting our inference regarding differences in this category. There may be also an unwillingness to admit to illegally slaughtering sick livestock, and thus the underreporting of livestock anthrax cases has likely skewed the true sources for the occurrence of the disease. Conversely, areas with better access to healthcare facilities may be overrepresented in our sample. Future studies should focus on collecting better livestock case data and vaccination records for use in cost-effectiveness analyses.
Conclusion
The change in livestock vaccination policy has dramatically affected the epidemiology of human anthrax in Georgia. In addition to the increasing rates of transmission, the epidemiology of the disease has shifted such that ethnic enclaves, and in particular, Azerbaijanis, are now at highest risk. Furthermore, the likely spillover of contaminated meat and animal by-products from agriculture into markets has increased the frequency of infections among occupations uncharacteristically at risk for anthrax. Thus, consumers should be warned to only purchase meat from licensed vendors. Indemnity programs that provide compensation for vaccine and livestock losses should be considered as an approach for interrupting transmission and enhancing reporting. The change in policy highlights the need for weighing the costs and benefits of ending policies that can have substantial human health impacts. Public health programs that focus on 'One Health' preventative measures would be beneficial, as they can integrate awareness of disease among high-risk populations such as agricultural workers of Azerbaijani ethnicity. Integrated human and veterinary health regulations and livestock vaccination campaigns are needed to address the evolving epidemiology of anthrax.
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